Bacterial nodules in roots are widely distributed among legumes, and have been reported from 10 genera of eight other families of angiosperms (16) . Bacterial nodules in leaves are less common, but have been reported from approximately 370 species of five genera in the families Myrsinaceae and Rubiaceae. According to Humm (8) , "Leaf nodules are typically small elevations of less than 2-mm diameter. They may be irregularly scattered over the surface of the leaf, located along the leaf margin only [characteristic of the Myrsinaceae], or present as two rows along each side of the midrib." Other reviews of leaf nodules are those of Boodle (1) , Bremekamp (2) , and Schaede (13) .
Bacterial leaf nodules were first described from certain members of the Rubiaceae (19) , and nodules in this family have received the most attention. Recent work has been concentrated on physiological aspects of the symbiosis in Psychotria bacteriophila (3, 14) . Centifanto and Silver have shown that the bacteria can fix nitrogen, but that it is only of secondary importance. Bacteria-free seedlings supplied with nitrogen do not survive, which has led to speculation that hormones or other growth substances secreted by the bacteria are of primary importance.
Previous workers have only briefly outlined nodule development and mature structure at the light-microscope level. Ziegler (18) (12) , dehydrated in an ethyl alcohol-xylene series, and embedded in Tissuemat (mp 53 C). Sections were cut 6 to 10, thick and stained with safranine-Chlorazol black E-fast green (7) .
Electron microscopy. Material was fixed by the following methods: (i) 1% osmium tetroxide in a 0.1 M phosphate buffer, pH 7.25, at 4 C; (ii) unbuffered 2% potassium permanganate at 25 C; or, (iii) 3% glutaraldehyde in 0.1 M phosphate buffer, pH 7.25, for 12 hr at 4 C, followed by three 20-min washes in cold buffer, and then 1% osmium tetroxide in the LERSTEN AND HORNER same buffer and temperature for 1 hr. Fixation (iii) gave the most consistent results. All material shown ( Fig. 8-18 ) was fixed in this way. Fixed tissue was dehydrated in an ethyl alcohol-propylene oxide series and embedded in Epon 812 (9) . Sections were cut with a diamond knife (500 to 800 A thick) on an ultramicrotome (LKB Instruments, Inc., Rockville, Md.) and stained for 10 min at 25 C with uranyl acetate dissolved in methanol (15) (Fig. 1 ). This pattern of shoot growth, characteristic of higher plants, allows the delicate shoot apex and young leaves to develop within a chamber which is presumably sealed from the outside.
In P. bacteriophila, numerous dendroid secretory trichomes are initiated from the upper epidermis of the fused pair of stipules. These trichomes develop rapidly and occupy most of the space between each stipule and the lower surface of the next youngest leaf primordium (Fig. 1) . Each trichome contributes a mucilaginous secretion which fills the remaining space between leaf primordia, stipules, and the region above the shoot apex. A preliminary report of the development, structure, and function of these secretory trichomes is found elsewhere (6) .
Bacteria are found in this constantly renewed pool of mucilage enclosed in the apical region of the shoot. Different taxa of bacteria have been isolated fron nodule-bearing plants, particularly from shoot apices and seeds. In the recent work of Centifanto and Silver (3), the gram-negative bacterium of P. bacteriophila was identified as Klebsiella rubiaceatum.
Initiation and development of leaf nodules. Some bacteria, in a small amount of mucilage from the apical region, pass through the lower epidermis of young leaves via certain precociously formed stomatal pores. These bacteria occupy the substomatal chamber (Fig. 2, 3 ), which later enlarges greatly in volume and becomes the leaf nodule region (Fig. 4-7) . Certain mesophyll cells bordering the developing nodule appear to grow into it (Fig. 4, 5) , subsequently dividing to form numerous strands of cells (Fig. 6, 7) .
Further growth appears to consist of multiplication of bacteria and continued intrusion of mesophyll cells into the nodule as the leaf expands. During this process, the leaf epidermis invaginates adjacent to the invaded stomatal pore, until the stomate finally occupies the bottom of a pit like depression (Fig. 3-7) . At maturity, therefore, the nodule consists of an expanded region (substomatal chamber) traversed by numerous branched filaments of elongate mesophyll cells, with the interstices occupied by bacteria (Fig. 7) .
In legume root nodules, bacteria are reported to stimulate polyploidy in infected cortical cells (17 (Fig. 2, 4 , 5).
The mature nodule is bounded by mesophyll tissue, except where it is in contact with the invaginated epidermis. The two or three layers of mesophyll cells adjacent to the nodule appear to be compressed, without the conspicuous intercellular spaces characteristic of spongy m sophyll (Fig. 6, 7) .
There is an average of 90 nodules per leaf based on a sample of five mature leaves taken from five plants used in this study. The exact number of nodules is proportional to the leaf area. Although a few nodules are inconspicuous, and a few are very conspicuous as a result of the fusion of two or three closely associated nodules, the great majority are from 0.4 to 0.8 mm in diameter, measured from surface view.
Ultrastructure of mature nodules. The mesophyll cells bordering each nodule lack intercellular spaces (Fig. 8) , and each possesses a thick primary cell wall. This wall is progressively thinner in cells more distant from the edge of the nodule. Cells adjacent to the nodule possess the normal complement of organelles and inclusions and numerous starch granules occur in the chloroplasts, indicating normal photosynthetic activity (Fig. 8) .
Within the nodule, intrusive mesophyll cells form a three-dimensional meshwork, with the individual cells generally elongate and somewhat distorted (Fig. 7, 9 Fig. 9 ) and cell walls, as in mesophyll cells bordering the nodule, are unusually thick (Fig.  9, 10 ). There are no nodule bacteria that seem to be more than a few microns from a nodule mesophyll cell. Indeed, the nodule interior appears to consist of an extensive mesophyll framework completely surrounded by bacteria (Fig. 7) . The bacteria are always intercellular and no dead or dying mesophyll cells were ever observed in mature or developing nodules. In legume root nodules, the bacteria are intracellular, forming colonies which are separated from the host-cell cytoplasm by a membrane or "envelope" (5) .
Ultrastructure of the mesophyll cell wall. There is evidence that mesophyll cells in mature nodules are constantly depositing more cell wall material from within. Vesicles, containing electron-transparent material similar to that of the wall, occur throughout the cytoplasm; these appear to migrate to the plasmalemma, fuse with it, and deposit their contents outside (Fig. 10, 11 ). These vesicles appear to originate as blebs from dictyosomes, which are abundant in the mesophyll cells (Fig. 11 ). This mechnism of cell wall formation and deposition has been observed frequently by many investigators, but not in leaf mesophyll cells considered to be mature (11) .
The outer part of the mesophyll cell wall is not sharply defined, and grades imperceptibly into the spaces between the adjacent bacteria ( Fig.  9, 10) . Most of the wall, however, appears to have a fibrillar structure (Fig. 10) . Bacterial morphology. We are in the process of isolating and specifically identifying bacteria from both the shoot apex and nodules. Our Each bacterium in the extracellular mucilage of the apical region usually contains a conspicuous chromatic region and has a capsule surrounding the cell wall (Fig. 12) . Several small electron-dense bodies are typically found in each bacterium. Bacteria in mature nodules are also rodlike, but sometimes lack a capsule. In addition, virtually every bacterium contains one or two large electron-dense bodies which appear crystalline in shape (Fig. 8, 9, 13, 14) .
In each nodule, besides nondividing bacteria, constricted bacterial cells were commonly seen wbich appeared to be dividing (Fig. 15) . In addition, there also occurred cells which were electron-dense and misshapen (Fig. 16, 18 ). These appeared to be undergoing degenerative changes. Associated with these degenerating bacteria, we observed a large part of surrounding membranes, some vesiclelike in profile, which were frequently quite extensive (Fig. 18) . A smaller number of similar membranes were also found between apparently healthy bacterial cells (Fig.  9, 17) 
DISCUSSION
Our results indicate that leaf-nodule bacteria in P. bacteriophila are confined to the extracellular mucilage surrounding the shoot apex, leaf primordia, and stipules, and within the expanded substomatal chamber that becomes the nodule. There are no other natural openings for bacterial entrance, and the lack of intercellular spaces in the mesophyll cells bordering the nodules makes it difficult to consider any systemic spread of nodule bacteria. We have other observations (unpublished) indicating that flower primordia, which are initiated as axillary buds, pick up mucilage as they grow through the apical shoot region and incorporate bacteria into the flowers and later into the seeds.
Because nodulated leaves are long-lived (P. bacteriophila is evergreen), and because the symbiosis has been shown to be obligate (3, 14) , there must be a continuing exchange of certain necessary substances between bacteria and nodule mesophyll cells over a long period of time.
Our frequent observations of dividing and degenerating bacteria within nodules indicate that at least a reasonably normal bacterial population continually exists there.
The extensive meshwork of intrusive mesophyll cells in the nodule, insuring close proximity to all bacteria, indicates that it is important that the bacteria not be a solid mass. We feel that this arrangement of mesophyll cells with thick, continuously supplemented cell walls, and the extensive occurrence of bacterial membranes, are morphological clues to the nature of this obligate symbiosis.
Our hypothesis, based at the moment only on morphological observations, is that the constantly renewed cell wall of the mesophyll cells bordering, and within, the nodule provides a convenient carbohydrate substrate for the bacteria. The membranes found between bacteria could be sites for enzymes capable of digesting the carbohydrates of the mesophyll cell wall. These membranes, furthermore, could also be involved in the transfer of whatever substance or substances the bacteria must contribute to the plant. Membranes from degenerating bacteria might be particularly important for the latter process. However, these 
